. The to the ribosome and requires a particular conformation following turnover reaction of GTP hydrolysis was manithat is unstable and induced by EF-G binding and further fested in a slower phase of Pi release that proceeded promoted by GTP hydrolysis (Katunin et al., 2002) .
Order of Reactions
In order to determine the order of reactions and distinguish between models A-D, one of the steps, either tRNA movement (step 3, Figure 2 ) or Pi release (step 4), was selectively inhibited, and the effect on the other step was studied. tRNA movement was inhibited by the antibiotic viomycin which binds to the decoding region of 16S rRNA (Powers and Noller, 1994) translocation and vacant ribosomes, i.e., with or without translocation (data not shown). Thus, Pi release does not depend on translocation, excluding the sequential movement at all temperatures in the range from 15ЊC to 37ЊC at saturating concentrations of EF-G ( Figure 1C) . model A whereby Pi release follows translocation (Figure 2 ). This result strongly suggests that either one reaction, Pi release or tRNA movement, was limiting the rate of Another EF-G mutant that was strongly impaired in translocation, while ribosome binding and GTP hydrolythe other, or that there was a common rate-limiting step that was not observed directly and preceded Pi release sis were not affected, was a domain deletion mutant that lacked domains 4 and 5 (Savelsbergh et al., 2000a). and tRNA-mRNA movement.
Different kinetic models that would be consistent with When translocation was performed with EF-G⌬4/5, Pi release proceeded with the same very slow rate as transthese results are depicted in Figure 2 . Model A assumes that, following the binding of EF-G·GTP (step 1) and location, which was several thousand-fold lower, compared to native EF-G ( Figure 3B ). This result is compatirapid GTP hydrolysis (2), tRNA-mRNA movement (3) precedes and limits the rate of Pi release (4), which is rapid ble with models A, B, or D, but disfavors the random uted to the presence of about 15% ribosomes that still contained wt L7/12. In contrast, the extent of rapid translocation was the same on ribosomes with wt or mutant L7/12 ( Figure 4C ), and the rate was decreased only 2-fold by the mutation (Figures 4C and 4D (Figure 2 ). Of the remaining models C and D, model C predicts that the observed rates of either Pi release or translocation should decrease if either reaction is inhibited, because, at saturation, k app ϭ k 4 ϩ k 5 (Cleland, 1975) . Thus, the rate of Pi release should decrease when translocation is inhibited. This was not observed, as the rate of Pi release remained unaffected when translocation was blocked by viomycin in the presence of EF-G at saturating concentration (Figure 3 with the value calculated using two rate constants that At lower concentrations of EF-G, however, the delay was significant and exponential fitting was not feasible. were determined directly, k 1 and k -1 :
Therefore . As shown by the calculated curves in Figure 5C , the whole set of time courses, meamovement. As described below, the same value was obtained in the two cases, supporting the validity of the sured at various EF-G concentrations, is well represented by these values. The same values were obtained approaches used.
First, the value of k 3 was determined from the concenwith vacant ribosomes (data not shown). tration dependence of the translocation rate, monitored by fluorescent labels in either the A site peptidyl-tRNA Discussion or the mRNA (cf. Figure 1B (Cleland, 1975) ; taking k 2 ϭ 250 Ϯ 100 s Ϫ1 from the GTPase measurements, the calculation yielded k 3 ϭ34 Ϯ sis. Pi release and tRNA-mRNA movement take place at the same rates, and, according to the kinetic analysis, 4 s Ϫ1 , the same value as obtained from Pi release. A similar value of K M3 ϭK M2 · k 3 /(k 2 ϩ k 3 ) ϭ 0.40 Ϯ 0.25 M both reactions are rapid intrinsically and rate limited by a preceding rearrangement of the ribosome-EF-G·GDP·Pi was calculated from the values of the rate constants k 1 , k -1 , k 2 , and k 3 , determined from GTP hydrolysis and Pi complex. Despite equal apparent rates, rearrangement and actual movement (or Pi release) are distinct events release.
The same value of k 3 was determined from Pi release. with different rate constants, i.e., 35 s Ϫ1 and much faster than that, respectively. The rate-limiting step is referred Time courses of Pi release, measured at various concentrations of EF-G, showed a delay phase followed by the to as unlocking rearrangement, taking up a term introduced by Spirin (1968), because most likely it entails rapid first round of Pi release and a slower, quasilinear phase due to multiple turnover ( Figure 5C ). The rate of the changes at the interface between the subunits, although the actual changes will almost certainly be different from first round of Pi release at EF-G saturation was estimated to 30-40 s Ϫ1 by exponential fitting, which was possible those envisioned at the time. According to the model, Pi release and tRNA-mRNA movement take place at because at high concentration the delay was negligible. 
